Amyloid precursor protein (APP) cleavage by the β secretase produces the C99 transmembrane 21 (TM) protein, which contains three dimerization-inducing Gly-x-x-x-Gly motifs. We demonstrate 22 that dimeric C99 TM orientations regulate the precise cleavage lines by γ-secretase. Of all possible 23 dimeric orientations imposed by a coiled coil to the C99 TM-cytosolic domain, the dimer (cc-del7) 24
Introduction

45
The amyloid precursor protein (APP) is a type I transmembrane (TM) protein with a long 46 extracellular domain, a single TM α-helix and a C-terminal cytosolic domain with no 47 defined structure (Kang et al, 1987) . Either α-or β-secretase first cleaves APP to generate 48 two distinct fragments: a soluble N-terminal fragment (sAPPα or sAPPβ, respectively) and 49 a membrane-anchored C-terminal fragment (α-or β-CTF, respectively) (Weidemann et al, 50 1989 ). Both α-or β-CTFs can be processed by γ-secretase to produce the APP intracellular 51 domain (AICD), but transcriptionally active AICD is preferentially produced from the β-52 CTF or C99 (Belyaev et al., 2010) and only the β-CTF can generate the amyloid β (Aβ) 53 peptides. These are present in various lengths ranging predominantly from Aβ34 to Aβ46. 54 It is considered that Aβ40 is predominant in terms of production and that Aβ42 is the most 55 toxic Aβ form, due to its higher propensity to aggregate because of the two extra 56 hydrophobic residues at the C-terminus. Aβ42 forms the core of amyloid plaques in the 57 brains of Alzheimer's disease (AD) patients (Iwatsubo et al, 1994) . to cc-C99 27-99 are referred to as cc-del(X) with X from 0 to 9 respectively. cc-150 del7 to 9 have the same orientation as cc-del0 to 2 respectively, but without the 16 The dimer interface can be predicted for each fusion protein (Supplementary Figure 1A and 158 1B). To test the model of the predicted orientation of the cc-del(X) constructs, a cysteine 159 was substituted for Gly29 (G29C) in all the constructs (Supplementary Figure 1A and 1B) . 160
Because this Cys residue is unique in the cc-del(X) fusion proteins, its position can be used 161 as a read out for the dimerization interface by cross-linking studies. We used the Cys-162 dependent and irreversible cross-linking agent N, N'-1,2-phenylenedimaleimide (o-PDM) 163 that forms dimers if two proteins are separated by a distance of 6 to 10 Å. We have predicted, 164 based on a-helical wheel diagrams, which constructs can form dimers due to the presence 165 of Cys residues within the interface itself (represented in red), with Cys residues in close 166 enough proximity (represented in blue) or with Cys residues too far apart to dimerize 167 (represented in green) (Supplementary Figure 1B) . 168
Cross-linking experiments were performed with living cells and validated the orientations 169
imposed by the coiled coil structure in the JM domain. Western blot analysis using the C-170 terminal (Cter) APP antibody showed all cc-del(X) G29C constructs were expressed in 171 CHO cells at the expected size of 14 kDa (Supplementary Figure 1C ). Cells treated with o-172 PDM are able to form intermolecular bonds maintaining stable dimers in denaturing and 173 reducing conditions. In the presence of o-PDM, we observed the formation of cross-linked 174 dimers for cc-del3 G29C and cc-del6 G29C, consistent with the hypothesis that these two 175 constructs should have G29C in the dimeric interface (positions "d" and "a" of a heptad 176 repeat). The cc-del0, cc-del2, cc-del7 and cc-del9 were also able to form dimers, the two 177 cysteines being close enough to the interface via edge residues, placed at "e" or "g" positions 178 of the heptad repeat. Specifically, G29C will be located in "g", "e", "g" and "e" for cc-del0, 179 cc-del2, cc-del7 and cc-del9, respectively. The other dimers that do not crosslink exhibit 180 C29 at positions "f", "c" and "b", namely cc-del1, cc-del4, cc-del5 and cc-del8, respectively. 181
To validate that our constructs obeyed the predictions downstream of Gly29, we introduced 182 a Cys mutation at position 37 (G37C) in cc-del4, cc-del6, cc-del7 and cc-del9. In the 183 presence of o-PDM, we observed dimers in cc-del4 G37C and cc-del7 G37C but not in cc-184 del6 G37C and cc-del9 G37C (Supplementary Figure 1C ). This is in agreement with our 185 predictions as G37C was expected to be in the dimeric interface for cc-del4 and cc-del7 186 (positions "d" and "a" of the heptad repeat, respectively) but outside the interface for cc-187 del6 and cc-del9 (position "b" and "f", respectively). 188
While the TM domain of C99 adopts an a-helix secondary structure (Nadezhdin et al, 2012; 189 Tang et al, 2014; Zhou et al, 2019) , it has been demonstrated that unraveling occurs 190 upstream of the ε-site, starting around residues 48-49 (Sato et al, 2009 ). This unraveling is 191 followed by a short cytosolic β-strand downstream, which is induced by the contact with 192 PS1 in the γ-secretase complex (Zhou et al, 2019). We asked whether our engineered dimers 193 allow this level of flexibility or whether they are maintained in a rigid conformation at the 194 C-terminus of the TM domain. For this purpose, we substituted L49 with cysteine (L49C) 195 in all ten cc-del(X) fusion proteins. Cross-linking with o-PDM could be detected for all 196 fusion proteins, consistent with unraveling at that position, similar to that described for wild-197 type C99 (Supplementary Figure 1D The release of transcriptionally active AICD was measured in CHO cells which were co-201 transfected with the HA-C99 or cc-del(X) fusion proteins, Fe65, Tip60Gal4, Gal4RE-202 luciferase as a reporter gene (Cao & Sudhof, 2001 ) and the pRLTK (renilla luciferase) 203 control reporter to normalize for transfection efficiency (Figure 2A ). The level of 204 transcription was significantly increased as expected with the HA-C99 when compared to 205 the mock control, but strikingly only with cc-del7 among the cc-del(X) constructs ( Figure  206 2B). For the other constructs, the level of transcriptional activity was not significantly 207 different compared to the mock control. It appears therefore that only one precise TM 208 dimeric orientation (cc-del7) promoted APP-dependent nuclear signaling. 209
To determine whether this effect was truly due to the activity of cc-del(X) and the release 210 of transcriptionally active AICD, we created stable cell lines using murine embryonic 211 fibroblasts deficient for APP (MEF APP-/-). Western blotting with antibodies directed 212 against the C-terminus of C99 (Cter) or the HA epitope indicated that cc-del(X) fusion 213 proteins exhibited comparable levels of expression in MEF APP-/-cells ( Figure 2C ). 214
Within these stable cell lines, qPCR was used to analyze the expression of the Erg-1 gene 215 known to be an APP downstream target (Hendrickx et al, 2013) . Egr-1 is an immediate early 216 response gene regulating the transcription of late response genes important for synaptic 217 plasticity processes, especially the maintenance of long-term potentiation (Jones et al, 218
2001). Exposure of mice to a novel environment induces Egr-1 expression in an APP-219 dependent manner (Hendrickx et al, 2013) . We therefore chose Egr-1 as it is transiently 220 induced via APP, and appears as a readout for the signaling function of APP upon cleavage 221 by γ-secretase. We observed a decrease in the expression of Erg-1 in MEF APP-/-compared 222 to MEF APP+/+ cells ( Figure 2D ). The expression of Erg-1 was restored in MEF APP-/-223 cells expressing HA-C99 or cc-del7, but not the other constructs. Importantly, Egr-1 is a 224 transcriptional activator of the ß-secretase (Bace1) and its inhibition decreases 225 amyloidogenic processing in Alzheimer mouse models (Qin et al, 2016) . We used qPCR to 226 assess whether Bace1 expression was also increased in cells stably expressing cc-del7. The 227 expression of Bace1 was decreased in MEF APP-/-compared to MEF APP +/+. Its 228 expression was restored in MEF APP -/-cells stably expressing HA-C99 or cc-del7 but not 229 in MEF APP-/-cells stably expressing a mock vector or cc-del6 ( Figure 2E ). In agreement 230 with previous results (Qin et al., 2016) , the expression profile of Bace1 mimicked the one 231 observed for Egr-1. 232
Knowing that APP-dependent gene expression can be mediated by transcriptionally active 233 AICD, we next assessed the production of AICD via a cell free experimental approach. 234 Whole cell membranes from MEF APP-/-cells expressing different cc-del(X) constructs 235 were isolated with hypotonic buffer and ultracentrifugation. The membrane lysates were 236 analyzed by Western blot using an antibody directed against APP C-terminus at two time 237 points, 0 h and 2 h of incubation at 37 °C in the absence or presence of a γ-secretase inhibitor 238 (DAPT). The results indicated an increase in intensity of the band corresponding to AICD 239 after 2 h compared to the initial time-point for all constructs tested. Strikingly, this increase 240 was much stronger for cc-del7 than for cc-del6 or HA-C99 ( Figure 2F ). Quantification of 241 the ratio of AICD produced confirmed a significant increase for cc-del7 when compared to 242 the other constructs ( Figure 2G ). The bands considered (below 6 kDa) were strongly 243 reduced in the presence of DAPT, indicating that they truly correspond to AICD produced 244 by the γ-secretase . To test whether the cc-del(X) fusion proteins exerted the same effects in neuronal cells, we 266 used the SH-SY5Y human neuroblastoma cell line, which exhibit neuronal properties upon 267 differentiation with retinoic (Agholme et al, 2010). We generated SH-SY5Y cell lines stably 268 expressing cc-del(X) by lentivral transduction followed by puromycin selection. The 269 expression profile of fusion proteins was tested 7 days after differentiation by Western 270 blotting ( Figure 3A ). 271
Intracellular localization in differentiated SH-SY5Y cells has been assessed by confocal 272 microscopy with HA antibodies and with DAPI for the nucleus ( Figure 3B ). HA-C99 273 presented a diffuse expression. For the cc-del6 construct, the localization appears mainly 274 associated with the plasma membrane, while the cc-del7 presented predominantly 275 intracellular localization (punctae), although plasma membrane localization could also be 276
detected. 277
Cell surface localization of all the cc-del(X) proteins was further addressed by flow 278 cytometry on living cells using an anti-HA antibody (Supplementary Figure 2 ). All the 279 constructs could be localized to the plasma membrane. The highest median fluorescence 280 was observed for the cc-del6 construct, in line with confocal microscopy. This confirmed a 281 preferential plasma membrane localization of cc-del6 when compared to other cc-del(X) 282
proteins. 283
We next examined whether these features, e.g dimeric orientation and differential 284 subcellular localization, also exerted an effect on gene expression in the neuronal cell line 285 ( Fig 3C) . Egr-1 expression increased for HA-C99 and for cc-del7, while the expression 286 remained at a similar level to mock infected SH-SY5Y cells for the other constructs. 287
Finally, we tested whether our model was also relevant for rat primary cortical neurons. 288
Primary neurons were transduced with lentiviruses expressing mock vector, HA-C99, 289 cc-del6 and cc-del7. The protein expression profile was examined by immunoblotting with 290 the Cter APP antibody and we observed that cc-del7 produced more AICD in primary 291 neuronal cultures ( Figure 3D ). We next assessed gene regulation upon cc-del7 expression 292 in primary neuronal cultures. The RNA was extracted and monitored by qPCR to measure 293
Egr-1 gene expression ( Figure 3E observed as monomers at the expected size (14-15 kDa) with the Cter antibody. Additional 319 bands were detected at a lower size corresponding likely to a C83-like CTF ( Figure 4A ). 320
Strikingly, the anti-HA antibody also detected a band around 28 kDa and 60 kDa uniquely 321 for cc-del6. As we did not observe these bands with the Cter APP antibody, we infer the 322 identities of these bands to be oligomeric "Aβ-like" species that we call "oligo*" or 323 "oligo**" corresponding to the 28 kDa and 60 kDa, respectively. Importantly, expression 324 of HA-C99 also led to the appearance of low levels of SDS-resistant 28 kDa oligomers, and 325 those were also only recognized by the anti-HA antibodies. 326
To analyze whether the above-mentioned oligomeric bands were produced by γ-secretase 327 activity, we generated cell lines stably expressing cc-del(X) in murine embryonic fibroblast 328 cells (MEFs) deficient for presenilin 1 and presenilin 2 (MEF dPS-/-), which are devoid of 329 γ-secretase activity. The expression profile of cc-del(X) constructs was identical in MEF 330 APP-/-cells ( Figure 4B ) and CHO cells ( Figure 4A ), with only MEF APP-/-cc-del6 331 exhibiting oligomeric bands around 28 kDa and 60 kDa. We compared the expression 332 profiles of cc-del6 in MEF APP-/-and MEF dPS-/-cells. No oligomeric bands were 333 observed in MEF dPS-/-cc-del6 cells, indicating that processing by the γ-secretase is 334 mandatory for production of the SDS-resistant 28 kDa and 60 kDa oligomeric bands. 335
We further investigated whether oligomers detected in cell lysates are also released in the 336 culture medium. The release of cc-del(X) fragments was measured in the supernatant of 337 CHO cells by immunoprecipitation with anti-HA antibodies. We observed the presence of 338 the two bands at 28 kDa and 60 kDa secreted in the supernatant for cc-del6 ( Figure 4C ) and 339 also the presence of cc-del(X) monomers. Importantly, upon higher exposure, we noticed 340 for all the cc-del(X) constructs the presence of a band around 6 kDa. This band likely 341 corresponds to the monomer of the Aβ-like protein (Aβ*) produced by the cc-del(X) 342
constructs. 343
We next assessed whether these Aβ-like oligomers could also be detected in primary 344 neurons transduced with lentiviruses expressing HA-C99, cc-del6 and cc-del7. 345
Immunoblotting with the HA antibody ( Figure 4D ) showed that cc-del6 is able to form 346 oligomers in primary neuronal culture, like in the other cell lines tested. Figure 3C) . The presence of bands at the expected size around 20 363 kDa (C-ter antibody) confirmed that all cc-del(X) fusion proteins are able to form dimers. 364
We also observed (with the HA antibody) the presence of bands around 66 kDa for most 365 constructs with highest levels in cc-del3, cc-del5 and cc-del6. Those results, correlated to 366 the previous results ( Figure 4A Figure 4A) . In cc-del0 to cc-del2, all or part of 377 the 16 LVFF 20 motif (due to the single amino acid deletion) was also predicted to have a high 378 propensity for cross-β aggregation (Supplementary Figure 4A ), in agreement with previous 379 studies (Fernandez-Escamilla et al., 2004). Strikingly, cc-del6 was the only construct 380 beyond cc-del2 to contain a pro-β motif, 20 ALLLV 24 , according to the algorithm. 381
The difference between cc-del6 and cc-del7 was the Val at position 24 present in cc-del6 382 but deleted in cc-del7. We mutated Val24 in cc-del6 to Ala and Gly25 to Val in cc-del7 383 (Supplementary Figure 4B ) to assess whether this motif (ALLLV) was key for the 384 production of SDS-resistant oligomers. The mutations were predicted to reduce cross-β 385 aggregation propensity in cc-del6 and increase cross-β aggregation in cc-del7 without 386 changing their dimeric TM orientation (Supplementary Figure 4C) . Strikingly, the V24A 387 mutation in cc-del6 led to the total disappearance of SDS-resistant oligomers 388 (Supplementary Figure 4D) . In contrast, the presence of this pro-β motif in cc-del7 did not 389 result in the release of SDS-resistant oligomers (Supplementary Figure 4D ). This motif was 390 thus required but not sufficient for the production of SDS-resistant oligomers. 391
To discriminate the contribution of different TM orientations of Aβ-like peptides from that 392 of different lines of cleavage possibly followed by cc-del6 and cc-del7, we created truncated 393 forms of HA-C99, cc-del6 and cc-del7 constructs (with and without the precited mutations) 394 by adding a stop codon at position 42 and 43 (amyloid beta numbering) ( Figure 4E , top). 395
As expected, direct transfection of WT C42 and C43 led to the production of SDS-resistant 396 oligomers. The direct transfection of truncated forms of cc-del6 at position 42 and 43 both 397 led to the production of a much larger amount of SDS-resistant oligomers ( Figure 4E ). In 398 line with our previous results, the V24A mutation blocked the formation of SDS-resistant 399 oligomers in the cc-del6 context ( Figure 4E ). Importantly, direct transfection of the 400 truncated forms of cc-del7 with or without the G25V mutation did not result in the apparition 401 of SDS-resistant oligomeric bands ( Figure 4E ). The cc-del6 orientation thus appeared 402 required for the stability of these oligomers. A key goal was to assess whether different dimeric TM orientations of C99 favored distinct 427 processing lines. We first created a specific protocol to identify the composition of the 428 oligomers produced upon cc-del6 processing by mass spectrometry analysis 429 (Supplementary Figure 5A) . The oligomeric bands observed from the medium after IP 430 (Supplementary Figure 5A arrow 1) can be disrupted with formic acid (Supplementary 431 Figure 5A arrow 2). The eluates obtained after IP with formic acid were analyzed by mass 432 spectrometry ( Supplementary Figure 5A arrow 3) . The oligomeric bands were composed of 433 Aβ* that contained residues 40 and 43 of the Aβ sequence at the C-terminus (C40 and C43, 434 respectively) ( Figure 5A ). Mass spectrometry data are shown in Supplementary Figure 6 . 435
Next, we assessed whether our fusion proteins obeyed the tripeptide cleavage model of γ-436 secretase and that cc-del6 thus followed the processing line Aβ49>Aβ46>Aβ43>Aβ40. 437
According to Bolduc et al. (2016), presenilins contain three putative S' pockets that can 438 each accommodate one amino acid at a time and occupancy of these three pockets precedes 439 cleavage of a tripeptide. The S1' and S3' pockets are large and can easily accommodate any 440 amino acids. The smaller S2' pocket is less prone to accommodate large aromatic residues 441 like phenylalanine. In consequence, placing an aromatic residue at a given position is 442 predicted to reduce overall cleavage beyond this point, although it was shown that -443 secretase was able to skip multiple residues to cleave at a further position (Bolduc et al., 444 2016). If cc-del6 follows the tripeptide cleavage model, mutating the amino acids at position 445 44 and 45 to phenylalanines would decrease further processing and result in accumulation 446 of C46. Similarly, preventing initial -cleavage by mutating the residues at position 50-51 447 to phenylalanine should reduce overall processing. 448
In agreement with these predictions, we observed decreased production of SDS-resistant 449 oligomers in presence of the V50F-M51F mutation in cc-del6 and absence of such 450 oligomers in HA-C99 ( Figure 5B ). In contrast, the V44F-I45F mutation led to increased 451 accumulation of SDS-resistant oligomers in HA-C99 and even more importantly in cc-del6 452 ( Figure 5B ). In order to identify the composition of these oligomers produced upon cc-del6 453 processing, we used the protocol described above for mass spectrometry analysis of cell 454 lysates after IP (Supplementary Figure 5B) . Optimization of the detection enabled the 455
identification of the C-terminus of C46, C43 and C40 in the lysates of cells expressing cc-456 del6 V50F-M51F ( Figure 5C ). In contrast, the band observed in cells expressing cc-del6 457 V44F-I45F was mainly composed of C46 containing the V44F-I45F mutation. We also 458 detected a small amount of C45 with the V44F-I45F mutation ( Figure 5C and 459 Supplementary Figure 7) , which can be interpreted as a side effect of the substitution to 460 phenylalanines. Mass spectrometry data are given in Supplementary Figure 7 and 8. 461
Together, these results give strong evidence that cc-del6 obeys the tripeptide cleavage of γ-462 secretase and that it follows the Aβ49>Aβ46>Aβ43>Aβ40 processing line. 463
We also investigated the processing of cc-del7. We reasoned that if the cc-del6 orientation 464 promoted the line of cleavage starting at position 49, a rotation of 110° counter-clockwise, 465 like in cc-del7, bringing the more distal 33 Gly-x-x-x-Gly 37 in the interface, would lead to 466 less tilt and thus an initial cleavage upstream at position 48 and thereby to the Aβ42 467 processing line. cc-del7 produced oligomers based on native gels, but the instability of Aβ-468 like peptide oligomers in SDS did not allow the acquisition of conclusive results by mass 469 spectrometry analysis with a similar protocol as the one used for cc-del6, although 470 suggestive data indicated the possibility of the Aβ48 line of cleavage. 471
To enhance the chance of purifying cc-del7-derived Aβ-like peptides and possibly 472 aggregates/oligomers of cc-del7 products, we used MEFs that are knock-out for either 473 PSEN1 or PSEN2 that we infected with cc-del7. It has been shown that in such MEFs, of cleavage products that would normally be degraded by these pathways. Confocal 482 microscopy also showed large accumulation of HA positive intracellular vesicles in SH-483 SY5Y cells infected with cc-del7 ( Figure 3B ), suggesting that cc-del7 associated oligomers 484 are present in stress granules that tend to accumulates when phagocytosis is impaired. 485
We detected large accumulation of aggregated proteins by Ponceau red and by Coomasie 486
Blue staining in MEFs PSEN1 or PSEN2 KO infected with cc-del7. These oligomeric bands 487 were relatively stable in NP40, but sensitive to SDS unlike cc-del6 oligomers. We analyzed 488 the Coomasie blue positive band, ranging from 49-62 kDa and recognized by HA 489 antibodies, by mass spectrometry. We detected with high levels of confidence C36 and C39 490 peptides in these bands. More specifically, mass spectrometry showed the presence of C39 491 and C36 in PSEN1 -/-cc-del7 and C39 in PSEN2 -/-cc-del7. These fragments were not 492 detected in a band of the corresponding size from non-infected MEFs. In line with our 493 hypothesis, mass spectrometry analysis also detected the presence of p62, a marker of 494 autophagosome, in Coomassie Blue positive bands in both PSEN1 and PSEN2 KO MEFs 495 infected with cc-del7 but not in negative control. Together, these results indicated that 496 products from the Aβ42>Aβ39>Aβ36 processing line are detectable in cells expressing the cc-497 
PSEN2-/-cc-del7
A model for the choice of g-secretase cleavage lines as a function of dimeric orientation 514 A model of the dimeric orientations adopted by cc-del7 and cc-del6 based on the solved 515 structure of the TM domain of APP (pdb: 2LOH) and modified according to (Sato et al, 516
2009; Zhou et al, 2019) is shown in Figure 6 . We hypothesize that dimerization via the Gly-517
x-x-x-Gly motifs will affect the accessibility and configuration for initial binding of γ-518 secretase on dimeric C99 by exposing ε-sites and, subsequently, γ-sites for AICD and Aβ 519 release, respectively. Specifically, as a function of which Gly-x-x-x-Gly motif is in the 520 interface, the tilt of the helices will differ. Crossing at the N-terminus of the TM domains 521 (for cc-del6) with Gly25 and Gly29 in interfacial "d" and "a" positions will result in a higher 522 tilt at the C-terminus, when compared to crossing in the middle of the TM domain (for cc-523 del7). A higher tilt will lead to a lower position exposed, at the ε-cleavage site. After initial 524 binding, the dimeric substrate would be uncoupled to allow processing. 525
In Figure 6 with the experimental data in cell free assays for AICD production and mass spectrometry 534 for the Aβ isoforms production, where we see for cc-del6 a preferential cleavage at C46, 535 C43 and C40. 536
In Figure 6 (right panel) , with the helical lateral view, we show that C99 cc-del7 contains 537 33 Gly-x-x-x-Gly 37 in the interface with Gly33 and Gly37 in interfacial "d" and "a" positions. 538
Our data in MEFs deficient for PSEN1 or PSEN2 suggest that initial cleavage could occur 539 at residue 48. This residue would be preferred in this more parallel dimer. Discussion 561 562
Our main observations are that C99 TM domain dimerization affects its cleavage by γ-563 secretase, and that different functional outcomes in terms of signaling and Aβ 564 oligomerization depend on two of the seven possible symmetric dimeric orientations of the 565 C99 TM domain, before and after processing. We have employed coiled coils to impose 566 precise dimeric interfaces. We validated the predicted interfaces by Cys-cross-linking. We 567 found that one dimeric interface (cc-del7) leads to enhanced release of transcriptionally 568 active AICD and Egr-1 gene expression as well as its downstream target Bace1. This 569 orientation favors initial cleavage at position 48 and thereby the Aβ42 processing line. 570
Another orientation, cc-del6 generates Aβ-like peptides that form SDS-resistant oligomers. 571
Cleavage of cc-del6 at residue 49 leads to formation of SDS-resistant oligomers ending at 572 positions 43 and 40 of Aβ. SDS-resistance of these oligomers requires the presence of a pro-573 β motif in addition to a precise dimeric orientation of Aβ-like peptides. 574
The two interfaces are related and rotated relative to each other by 110°. cc-del7 forms a 575 dimer that crosses the TM helices at the middle 33 Gly-x-x-x-Gly 37 TM motif, while cc-del6 576 crosses the helices upstream at the 25 Gly-x-x-x-Gly 29 . While both are processed by a 577 presenilin-dependent γ-secretase activity, our data and model argue that the initial cleavage 578 at the ε-site differs because the tilt of helices differs exposing different sites to the γ-579 secretase, the higher the tilt in cc-del6 dimer, the lower start of cleavage (at 49). 580 Importantly, the cc-del7 fusion protein exhibits the same dimeric interface as cc-del0, but 581 with a shorter extracellular region. It has been reported that the 16 LVFF 20 motif forms a β-582 sheet that prevents processing of C99 by γ-secretase (Hu et al, 2017; Tian et al, 2010). This 583 particular motif is absent in the cc-del7, but present in cc-del0. Indeed, no effect has been 584 observed in term of signaling for the cc-del0, consistent with decreased processing. 585
Together, it indicates that the conformation of cc-del7 TM dimers is the active one for APP 586 nuclear signaling. 587
The precise regulation of APP amyloidogenic processing depends on its subcellular 588 localization and the nature of the γ-secretase present in the cellular compartments (presenilin 589 1-or presenilin 2-dependent). Our confocal immunofluorescence data from human 590 neuroblastoma cell lines ( Figure 3B ) indicated that cc-del7 appears localized to 591 intracytoplasmic structures, while cc-del6 was predominantly localized to the plasma 592 membrane. The processing of cc-del6 and cc-del7 may occur in different cellular 593 compartments, with implications on the fate of produced Aβ or AICD. Recently, it has been reported that amyloidogenic processing by presenillin 2 occurs preferentially in recycling 595 endosomes and late endosomes/lysosomes compartments (Sannerud et al, 2016), which 596 would fit to the localization of our cc-del7 dimer. 597
The comprehensive model that we propose is C99 dimers with an orientation where 33 Gly-598
x-x-x-Gly 37 is in the interface (cc-del7) allow high levels of trimming by γ-secretase likely 599 starting at position 48 ( Figure 6) . A mechanism has recently been described where stable 600 substrate binding to γ-secretase is important for correct processing (Szaruga et al, 2017) . 601
This binding initially occurs just upstream of the region we described to shift from the TM 602 helical structure to random coil (Sato et al, 2009). After initial binding, γ-secretase would 603 induce unravelling of the helix for initial cleavage at the -site before cutting upstream in 604 sections of three amino acids, to form gradually shorter Aβ species (Bolduc et al, 2016) . 605
Our mass spectrometry data in MEFs PSEN1-/-and PSEN2 -/-suggest that initial cleavage 606 occurs at residue 48 with tripeptide cleavage then releasing Aβ45, Aβ42, Aβ39 and, in some 607 cases, Aß36. The fact that Aβ-like peptides ending at position 42 were hardly detectable in 608 our set up probably indicates that the carboxypeptidase (trimming) activity of the γ-secretase 609 was particularly efficient to produce shorter peptides in the cc-del7 conformation.. 610
In pathological conditions, it is possible that the generated Aβ peptides, like Aβ42, might 611 then change orientation by rotating clockwise 110° to the same orientation where 25 Glyx-x-612
x-Gly 29 motif would come into the interface, corresponding to the orientation of cc-del6, 613 and form stable Aβ oligomers. The shift from cc-del7 to cc-del6 would result in shifting the 614 helix crossing point from G 33 xxxG 37 closer up to the extracellular juxtamembrane region at 615 25 Glyx-x-x-Gly 29 . Such an upward shift might alter interactions with membrane lipids (Zhou 616 et al, 2019) and favor SDS resistance of the released Aβ peptides, just like in the case where 617 the initial cleavage would occur at or after residue 49. The proportions of C99 that adopt 618 one or the other dimeric interfaces might depend on their precise intracellular localization, 619 membrane composition, pH, and temperature, as the precise interaction between the γ-620 secretase and its substrates, especially intermediates between Aβ49 and Aβ40 were shown 621 to depend on temperature (Szaruga et al, 2017). 622
While our study utilizes constructs with TM-cytosolic domain identical to those of C99, the 623 N-terminus of our constructs codes for the Put3 coiled coil. This is a limitation of our study. 624
The Aβ-like peptides derived from cc-del6 processing are specifically able to generate SDS 625 resistant oligomers of ~28 kDa and ~60 kDa (Figure 4 ) referred to as oligo* and oligo**, 626 respectively, but these are Aβ-like peptides as they contain a segment of the Put3 coiled coil 627 at their N-terminus. Because oligomers are nucleated by the coiled coil helices, we suggest 628 pathogenic role of Aβ43 have been suggested (Saito et al, 2011; Veugelen et al, 2016) and 663 recently documented (Szaruga et al, 2017). We suggest that different TM orientations can 664 result in different lines of cleavage but that production of stable, SDS-resistant oligomers is 665 linked with the specific TM orientation imposed in cc-del6 together with the presence of a 666 central pro-β motif such as the 20 ALLLV 24 present in cc-del6 sequence or the 16 LVFF 20 667 motif of the human Aβ sequence. 668
The role of the precise dimerization of the C99 TM dimerization in signaling and processing 669 might open novel therapeutic avenues to limit amyloidogenic processing. These results 670 might lead to the identification of the physiologic targets of APP signaling, which remain 671 poorly known as does the physiological ligand for APP and related proteins APLP1 and 672 APLP2. One provocative scenario is that in aged individuals a higher degree of signaling 673 by APP is required to compensate for age-related hypoxia and senescence. Such overuse of 674 the pathway modelized by cc-del7 would drive formation of pathogenic amyloidogenic 675 peptides and possibly induce a self-perpetuating amyloidogenic loop by increasing the 676 expression of Egr1 and its downstream target Bace1. We suggest that our fusion protein cc- Wild type C99 with a HA-tag was cloned into the pLVX-CMV bicistronic retroviral vector. 701 cDNAs coding for the ten fusion proteins cc-C99 to cc-C99 27-99 (referred to cc-del0 to 702 cc-del9) and their associated mutants were generated by overlap extension using PCR with 703 synthetic nucleotides. All constructs were sequenced by Macrogen. SH-SY5Y cells expressing cc-del6, cc-del7 and HA-C99 were grown on chamber slides 848 with coverglass (ThermoFischer Scientific) and were differentiated over 7 days with 849 retinoic acid as described above. Cells were fixed with 4% paraformaldehyde for 15 850 minutes, permeabilized, and then blocked with 0.5% Triton X-100 in phosphate-buffered 851 saline containing 100 µg/mL of goat γ-globulin (Jackson Immunoresearch Laboratories) for 852 1 h at room temperature. Cells were incubated overnight at 4 °C with rat anti-HA antibody 853
(1:500 -Roche) and then with secondary goat anti-rat IgG antibody coupled to Alexa 568 854 (Invitrogen/Life Technologies) for 1h at room temperature. Slides were examined by 855 confocal microscopy using a confocal server spinning disc Zeiss platform equipped with a 856 ×100 objective. 857 858
Statistical analysis 859
The statistical analyses were performed with JMP pro 13 software. If more than two groups 860 were compared, for parametric test ANOVA with post hoc tests as indicated were used or 861 
